Recent studies have revealed that interactions between transcription factors play an important role in regulation of gene expression in eukaryotic cells. To isolate cDNA clones that dominantly inhibit the DNA-binding activity of Oct-2, chosen as a representative factor, we have developed a novel screening system. This employs an Escherichia coli tester strain carrying a modified lac operon as a reporter gene, with the lac operator sequence replaced by an octamer sequence. Oct-2 expressed in this tester strain represses the expression of the reporter gene and changes the phenotype of the cell from Lac + to Lac -. Introduction of a cDNA expression library prepared from a human T-cell line into the Oct-2-harboring tester strain allowed selection of three Lac + clones out of 1 × 10 5 transformants. One of them, hT86, encoding a putative zinc finger protein was found to derepress β-galactosidase activity in the Oct-2-harboring tester strain at the transcriptional level. In gel mobility shift assays, hT86 attenuated the intensity of the retarded band composed of the octamer probe and Oct-2, suggesting a dominant negative effect on the DNA-binding activity of Oct-2. The strategy described here provides a new approach for studying protein-protein interactions that govern the complex regulation of gene expression.
INTRODUCTION
Gene expression is positively or negatively regulated by a number of proteinaceous factors at the transcriptional level. Recent studies have revealed that heteromeric interactions among transcription factors provide for an array of regulation patterns which participate in the integrated program of gene expression (1) (2) (3) (4) (5) (6) (7) . For instance, one of the helix-loop-helix (HLH) proteins, Id, has been demonstrated to form a heterodimer with other HLH family members like MyoD, E12 or E47 attenuating their DNA-binding in vitro and, in the MyoD case, inhibiting the activator function in cultured cells (3) . The Ca 2+ -binding protein, calmodulin, is another example which also forms heterodimers with several HLH proteins and inhibits their DNA-binding activity in vitro (8) . Thus, negative modulation of DNA-binding activity through heteromeric complex formation may be a common form of regulation of gene expression.
To isolate candidate negative regulators of eukaryotic transcription factors from a cDNA library, we have constructed a novel genetic screening system employing Escherichia coli. It is well established that most eukaryotic transcription factors are composed of two domains, a DNA-binding domain and a transcriptional control domain (9) . Generally, the two activities of DNA-binding and transcription control can therefore be functionally dissected. Genetic systems have already been reported in which the DNA-binding activity of eukaryotic transcriptional factors such as GAL4, Sp1, EBNA-1 and Oct-2 is recapitulated in E.coli cells (10) (11) (12) (13) . In the published cases, eukaryotic activators functioned as repressors by binding to targets inserted near the transcription start sites of reporter genes. Our aim was to isolate eukaryotic genes that negatively modulate DNA-binding activity of an eukaryotic activator that functions in E.coli as a repressor so that modulators can be isolated as clones that derepress reporter gene expression in the system.
We selected the POU family that is characterized by a unique bipartite DNA-binding POU domain (14) as a model for this study. I-POU is a POU family protein and known to negatively modulate the activity of another POU family member, Cf1-a, via protein-protein interactions (5) , although its inhibitory effect could not be observed in a recent study (15) . These two proteins are coexpressed in overlapping subsets of cells in the central nervous system of Drosophila melanogaster. Cf1-a binds to a specific cis-acting element and activates dopa-decarboxylase gene expression (5, 16) . I-POU forms heterodimers with Cf1-a when they are mixed in vitro, thus blocking its DNA-binding, and in cultured cells, inhibits the Cf1-a-dependent activation of a reporter gene (5) . It is also known that a mouse POU protein, Skn-1i, which is expressed specifically in epidermis and hair follicles, inhibits the transcriptional activator function of Oct-1 in cultured cells (17) . In addition to such negative modulation, positive regulation stemming from interactions between POU proteins has also been reported. For instance, two molecules of Oct-2 can bind cooperatively to two adjacent target sequences in the immunoglobulin promoter and interact with each other to increase the transcriptional activation effect in vitro (18) . Similarly the pituitary-specific transcription factor, Pit-1, forms a homodimer using the POU-specific domain in the presence of its target sequence in vitro (19) . It can also form a heterodimer with Oct-1 and cooperatively activate reporter gene expression in cultured cells (20) .
*To whom correspondence should be addressed. Tel: +81 3 3918 0111; Fax: +81 3 3917 7564; Email: tnoda@hgc.ims.u-tokyo.ac.jp Figure 1 . Construction of tester strains. The nucleotide sequence of the lac promoter and operator region of pTV119N is shown on the top. Sequences of oligonucleotides used for in vitro mutagenesis and for construction of octamer and mutant octamer cassettes are also illustrated. Asterisks indicate the 5′ ends of the mRNAs (determined by primer extension experiments as shown in Fig. 2 ).
In this study, we examined the negative modulation for Oct-2, which is expressed predominantly in lymphoid cells and functions as a transcriptional activator via binding to a cis-acting octamer site (14, (21) (22) (23) (24) . We report here the isolation of a human clone, hT86, using our E.coli genetic system, that negatively modulates the DNA-binding activity of Oct-2.
MATERIALS AND METHODS

Nucleotide sequence
The nucleotide sequence of hT86 has been deposited in the DDBJ database under accession number D45213.
Construction of tester strains and plasmids
Reporter genes were constructed as follows. The lac operator sequence of plasmid pTV119N (Takara Shuzo) was replaced with the XhoI recognition sequence to construct pBT3 (Fig. 1) . The lacZYA gene from pMC1403 (25) was fused to the mutated lac operator to construct pBT15 in which codons 1-5 of lacZ′ were fused to codons 8 onwards of lacZ from pMC1403 in frame. Into the XhoI site, an oligonucleotide containing octamer binding sequence (AP: 5′-TCGACTTTATAATGCTAATTAGTACT-3′ + 3′-GAA-ATATTACGATTAATCATGAAGCT-5′) or its mutant (BP: 5′-TC-GACTTTATACTGATCATTAGTACT-3′ + 3′-GAAATATGACT-AGTAATCATGAAGCT-5′) were inserted. The reporter genes were subcloned into a plasmid vector pPP′213 (constructed by Dr M. Imai), derived from pBR322 and carrying a 5.7 kb fragment of the Charon 25 λ phage vector (26) , and then transferred to λ CM which is a derivative of Charon 25 to construct λAP18 and λBP6. These phages were lysogenized into HI1006 [ara∆139 ∆(ara-leu)7697 ∆(lacIPOZY)X74 galU galK strA trpA38oc recA] (27) . Detailed procedures for construction of these phage strains are available upon request. The 1.3 kb HindIII-EcoRI fragment of mouse Oct-3 cDNA (kindly provided by Dr H. Hamada) (28) was subcloned into the HindIII-EcoRI sites of pTZ19U (29) to construct pAT1 expressing Oct-3 as a β-galactosidase-fusion protein (residues 1-15 of β-galactosidase followed by residues 36-352 of Oct-3). For expression of Oct-2, we used a p15A derivative plasmid vector, pKV287, composed of the Asp700-Sau96I portion of pACYC184 carrying a p15A replicon and a Tc r marker (30) and the PvuII-EcoRI portion of pTV119N that carries lacP. A full-length cDNA of human Oct-2 (2.2 kb Asp718-EcoRI fragment; provided by Dr H. Hamada) (24, 31) was subcloned into the Asp718-EcoRI sites of pKV287 to construct pAS22, expressing Oct-2 as a β-galactosidase-fusion protein (residues 1-5 of β-galactosidase followed by residues 1-463 of Oct-2). The EcoRI-EcoRI fragment of pAS22 containing the lac promoter, lac operator and Oct-2 coding region was subcloned into the EcoRI site of pKV287 to give the plasmid pAS22D carrying the Oct-2 cDNA driven by two tandemly arrayed lac promoters.
pAS22DH, a derivative of pAS22D, encodes Oct-2 with the N-terminal fused to an HA epitope (YPYDVPDYA). pAS22DH∆C was constructed by deleting the C-terminal 93 amino acids of Oct-2 using the NdeI site of the gene. pAS22D∆N was constructed by deleting the 161 amino acid N-terminal portion of Oct-2 using the SmaI site of the gene.
phT86 has a human cDNA insert in the pSI4001 vector (32). phT86RO and phT86OF carry the cDNA insert in the opposite direction to lacZ′ and out of its open reading frame in pBluescript, respectively.
Scoring phenotypes of tester strains
Colonies of tester strains transformed with each expression vector were streaked on M9 minimal agar plates (33) supplemented with 0.2 µg/ml thiamine, 0.2% glucose, 0.2% casamino acids (Difco Laboratories), 0.2% 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal), 25 µg/ml leucine, 25 µg/ml tryptophan and appropriate antibiotics. Plates were incubated at 30_C for 24 h, left at room temperature for 24-48 h and examined for colony color. The β-galactosidase activity was determined as described by Miller (33) .
Analyses of transcripts
Total cellular RNA of E.coli was prepared from tester strains with the method described previously (34) . The levels of lacZ mRNA in tester strains were quantitated by S1 mapping (35) . Two oligonucleotide probes were prepared: one was for the reporter with the octamer cassette (AP: 5′-CCATGGTCTGTTTCCTGT-GTGACTCGACTTTATAATGCTAATTAGTACTTCGAGCA-CAAC-3′) and the other was for the reporter with the mutant octamer cassette (BP: 5′-CCATGGTCTGTTTCCTGTGTGAC-TCGACTTTATACTGATCATTAGTACTTCGAGCACAAC-3′). These probes were designed to include the transcription start site of corresponding reporter genes, which had been identified by primer extension experiments. Total cellular RNA (10 µg) and the 5′-end-labeled probe (0.17 pmol) were mixed in a volume of 50 µl. They were incubated at 75_C for 15 min and annealed at 55_C for 3 h, then mixed with 350 µl of a solution containing 333 mM NaCl, 3.7 mM ZnSO 4 and 67 mM sodium acetate, with addition of 2 µg of salmon sperm DNA (Sigma Chemical Co.) and 510 U of S1 nuclease (Takara Shuzo). The mixtures were incubated at 37_C for 1 h, then extracted with phenol-chloroform, precipitated with ethanol and the precipitates dissolved in 3 µl TE buffer. The products (2 µl) were electrophoresed on 6% polyacrylamide gels containing 8 M urea. Radioactivity was scanned using a BioImage Analyzer BAS2000 (Fujix) and presented as a photo-stimulated luminescence (PSL) value determined by BAS2000 and correlated with conventional Becquerel values.
Northern blot analysis of hT86 RNA
Transcripts of hT86 in a variety of human tissues were analyzed using a Multiple Tissue Northern Blot (Clontech). Membranes were probed with labeled hT86 DNA in 20 ml hybridization buffer [50% deionized formamide, 0.2% SDS, 5% dextran sulfate, 5× Denhart's solution (20 mM MOPS, 5 mM sodium acetate and 0.5 mM EDTA) and 5× SSPE (0.9 M NaCl, 50 mM sodium phosphate, pH 7.4) and 5 mM disodium EDTA] containing 2 mg yeast tRNA and 2 mg salmon sperm DNA. The membrane was rinsed once with 5× SSC, washed once with 5× SSC containing 0.2% SDS at 65_C for 30 min and rinsed three times with 5× SSC.
Gel mobility shift assay
Gel mobility shift assays were performed essentially as described by Imagawa et al. (36) . The E.coli were cultured in 50 ml of LB medium containing 50 µg/ml ampicillin at 37_C to an optical density at 600 nm of 0.7-0.8. Bacteria were harvested and resuspended in 4 ml of 0.12 M HM buffer (20 mM HEPES, pH 7.9, 1 mM MgCl 2 , 2 mM dithiothreitol, 17% glycerol and 0.12 M KCl). Each suspension was sonicated at 20 kHz for 30 s three times (Bioruptor, CosmoBio), clarified by centrifugation at 1500 g, and the lysate purified further with SpinBind (FMG BioProducts) to remove nucleic acid. Protein samples (6.25 µl) were mixed with 6.25 µl 20 mM Tris, pH 7.5, 10% glycerol, 2 mM dithiothreitol, 20 mM EDTA, 0.32 mg/ml poly(dI-dC) (Pharmacia) and 20 nmol/ml of competitor oligonucleotides, where necessary, and incubated at room temperature for 15 min. Then 1 × 10 4 -1 × 10 6 c.p.m. of radio-labeled probe (2-200 pmol/µl) were added and incubation continued for an additional 15 min. Each sample was loaded on a 5% polyacrylamide gel (0.17% bis-acrylamide; 0.5× TBE) and electrophoresed at 150 V for 1 h.
Western blot analysis of HA-tagged Oct-2 protein
Protein samples were fractionated by electrophoresis on 10-20% gradient SDS-polyacrylamide gels (Daiichi Pure Chemicals, Tokyo), transferred onto Immobilon polyvinylidene difluoride transfer membranes (Millipore) and probed with a mouse anti-HA monoclonal antibody. Proteins were detected by a horseradish peroxidase-linked sheep anti-mouse Ig antibody (Amersham) and the ECL chemiluminescent system (Amersham).
RESULTS
Design of the system
Structures of the reporter genes constructed for the system are shown in Figure 1 . In these genes, the 54 bp lac repressor-binding sequence (37) in the lac operon was replaced with the target sequence for Oct-2 (ATGCTAAT) or its mutant derivative (CTGATCAT) (23) to create reporter genes carried on phages, λAP18 and λBP6, respectively. Tester strains, HI1006λAP18 and HI1006λBP6, carrying these reporter genes, formed blue colonies on agar plates containing X-gal (Lac + phenotype; Fig. 3 ). The transcription start sites of these reporter genes were determined by primer extension mapping (Fig. 2) to be eight bases upstream from the octamer or the mutant octamer site (indicated by asterisks in Fig. 1 ), proximal to the transcription start site of the original lac operon. Because the octamer binding site is located immediately downstream of the transcription start site, we Figure 2 . Primer extension mapping for the 5′ end of lacZ transcript. Total cellular RNA (30 µg) from the tester strains HI1006λAP18 (A) or HI1006λBP6 (B) was hybridized with 5′-end-labeled 20mer oligonucleotide primer, which anneals to 5′ region of lacZ mRNA. The primer was extended with reverse transcriptase and the product was electrophoresed on 6% polyacrylamide gel containing 8 M urea. The ladder was prepared using the same primer and the template plasmid carrying the reporter gene. The schema represents the transcription start site and composition of the modified lac control region. The nucleotide sequences corresponding to the 5′ ends of products are shown in Figure 1 .
expected that binding of octamer protein at the binding site of λAP18 would repress transcription of the lacZ gene and result in reduction of β-galactosidase activity. As expected, expression of Oct-2 or Oct-3 in HI1006λAP18 changed the color of colonies on X-gal plates from blue to white whereas HI1006λBP6 formed blue colonies, indicating that octamer proteins act as repressors by binding to the octamer sequence in the system. The observed phenotypic change correlated with the level of β-galactosidase activity in cell extracts (Table 1 and 2). We confirmed that the altered expression was at the transcription level by performing S1 mapping analysis as summarized in Table 1 . 
Isolation of cDNA clones interfering with the repressor function of Oct-2
Our system in which the Oct protein functions as a repressor was applied for isolation of cDNA clones that dominantly inhibit the DNA binding activity of Oct-2. A cDNA expression library constructed from a human T-cell line (32, 38) was introduced into the Oct-2 expressing HI1006λAP18 cells for this purpose. From Figure 3 . Effects of Oct-3, Oct-2 and hT86 on phenotype. The tester strains were incubated on M9 minimal plates at 30_C for 24 h and then at room temperature for 24-48 h to monitor the phenotype. (A) Tester strains, HI1006λAP18 and HI1006λBP6, were transformed with the vector plasmid pTZ19U or the Oct-3 expression vector, pAT1. i: pTZ19U into HI1006λAP18; ii: pAT1 into HI1006λAP18; iii: pTZ19U into HI1006λBP6; iv: pAT1 into HI1006λBP6; (B) HI1006λAP18 was transformed with the following plasmid sets. i: pAS22D (Oct-2) and pTV119N (vector); ii: pKV287 (vector) and pTV119N; iii: pAS22D and phT86 (hT86).
1 × 10 5 transformants, 14 Lac + colonies were selected on M9 minimal plates containing X-gal. cDNA plasmids were recovered from these clones and used to re-transform HI1006λAP18 expressing Oct-2 to confirm the phenotype. Three out of the 14 clones gave reproducible phenotypic change. We focused on the one (bCT1) which gave the most marked Lac + expression. The bCT1 clone has a 540 bp insert. To ascertain whether it contained a full length cDNA, we searched for a longer version of bCT1 in the original library and found clone hT86 with a 630 bp insert. Because hT86 showed the same phenotype as bCT1 in the tester strain, it was adopted for further characterization in this work. The nucleotide sequence and a possible translation product of 116 codons are shown in Figure 4 . We could not find any significant sequence similarity between hT86 and OBF-1/OCA-B that is known to associate with Oct-1 or Oct-2 (22) . The product includes 18 acidic and 20 basic residues, and a typical zinc finger motif of TFIIIA-type. The size of the transcript of hT86 was found to be ∼640 nt, as described below, indicating that the clone has a full cDNA insert.
Activity of hT86 against the repressor function of Oct-2 in vivo
The phenotypic change of the Oct-3 carrying tester strain from Lac -to Lac + upon introduction of hT86 suggested that the translated product from hT86 negatively modulates the repressor function of Oct-2. To confirm this possibility, we performed the following experiments. Introduction of hT86 alone into the tester strain did not increase the β-galactosidase activity (Table 2) , excluding the possibility that a direct enhancement of gene expression was involved. Since the nucleotide sequence of hT86 could serve as a Oct-2 binding target sites and derepress the expression of the reporter gene by sequestering the Oct-2 protein within cell, we constructed two variants that do not produce zinc-finger like proteins. The phT86RO containing the hT86 insert in the reverse orientation to the promoter and the phT86OF carrying the insert out of the open-reading frame for the zinc finger protein, did not show dominant negative effects on the repression activity of Oct-2 in the tester strain (Table 2) , excluding the possibility that the nucleotide sequence is responsible for the de-repression. By examining the amount of Oct-2 proteins in cells, with and without hT86, using the HA-tagged version of Oct-2 ( Fig. 5A) , we could also exclude the possibility that hT86 interferes with the repressor function of Oct-2 by suppressing the translation. The level of the HA-tagged Oct-2 protein was essentially unaltered in the presence of hT86 (Fig. 5A, lanes 2 and  3) , indicating that hT86 doesn't reduce the protein production. The above results thus strongly suggested that the hT86 product negatively modulates the DNA binding activity of Oct-2.
hT86 inhibition Oct-2 and octamer sequence complex formation in vitro
The effects of translation products of hT86 on complex formation by Oct-2 with short DNA containing the octamer sequence were tested using the cell extract applied for the Western blot analysis in Figure 5A and gel mobility shift assays. The complex formation between the HA-tagged Oct-2 protein and the 32 P-labeled octamer probe was attenuated to ∼5% when the protein sample was prepared from the tester strain expressing both hT86 and HA-tagged Oct-2 simultaneously (Fig. 5C, lanes 2 and 3) . These data demonstrated interference by hT86 with the DNA-binding of the Oct-2 protein. We further determined the region of Oct-2 that is responsible for this inhibition by using mutant forms (Fig. 5B) . HA-Oct-2∆C lacks the C-terminal region of Oct-2 whereas Oct-2∆N lacks the N-terminal region. Both mutants retain the POU domain. Gel mobility shift assays using the extracts prepared from cells expressing both hT86 and HA-Oct-2∆C or hT86 and Oct-2∆N were performed. The bound complex formation was attenuated with both extracts (Fig. 5C, lanes 5 and 7) , indicating that the region of Oct-2 containing the POU domain is responsible for the hT86 mediated inhibition. 
Ubiquitous expression of hT86
Northern blot analyses using RNA samples prepared from the human T-cell lines, HUT78, A3.01, MOLT-4 and H9 (39-42) and a human macrophage-like cell line, U937 (43) detected a single transcript of ∼640 nt in all cases (data not shown). Similarly, analyses of poly A + RNA from various human tissues, including spleen, thymus, prostate, testis, ovary, small intestine, colon and peripheral blood leukocytes, consistently demonstrated a single transcript of ∼640 nt. The expression level of hT86 was slightly lower in the thymus and peripheral blood leukocytes than in other tissues (Fig. 6, lanes 2 and 8) .
DISCUSSION
The E.coli tester strain constructed in this study allows monitoring of the DNA-binding activity of Oct proteins in terms of phenotypic change in lactose utilization. The Oct proteins function as transcriptional repressors by binding to the octamer sequence that is located between the lac promoter and the lacZ gene and give Lac -phenotype to the tester strain. Using this system, in the present study, we were able to selected hT86 that changes the phenotype of Oct-2 expressing cells from Lac -to Lac + . This selection is based on the functional interaction between Oct-2 and selected clones, in contrast to yeast two-hybrid systems which select clones that physically interact with a bait protein (44, 45) . The derepression of lacZ caused by hT86 was not due to enhanced expression of β-galactosidase, suppressed expression of Oct-2 or its sequestration of Oct-2 protein. The protein encoded by hT86 was thus shown to be itself responsible for the enhancement of lacZ expression. Gel shift assays using lysates from cells expressing Oct-2 and hT86 showed that it in fact somehow abolished the DNA binding activity of Oct-2 protein.
hT86 codes for a polypeptide that contains a single canonical Cys 2 His 2 zinc-finger motif (46) . The extended family of zinc-finger transcriptional factors usually contain more than one zinc-finger motif and the actual multiplicity has been reported to correlate with DNA binding activity (47) . Therefore, hT86 might not be expected to bind tightly to a specific DNA element. In agreement with this notion, we could not detect specific binding of hT86 to the octamer site in gel mobility shift assays (data not shown). The fact, however, that hT86 slightly repressed the β-galactosidase activity of the tester strain (Table 2) suggests that it can bind to the octamer binding site in vivo. Zinc-finger structures are also known to be involved in protein-protein interactions in some cases (47) (48) (49) . The hT86 protein could heterodimerize with Oct-2 so that its DNA-binding ability is impaired. The dominant negative effect of hT86 protein on Oct-2 protein in gel mobility shift assays was only observed when both proteins were expressed simultaneously in the tester strain, and not when proteins were prepared separately from each transformant and mixed in vitro (data not shown). This is in line with the finding that assembly of many oligomeric proteins is dependent on their co-translation (50) . Interaction of Oct-2 and hT86 may also require their co-translation.
The northern analyses showed that hT86 transcripts in spleen, thymus, prostate, testis, ovary, small intestine, colon and peripheral blood leukocytes, strongly suggesting that it is a ubiquitously expressed gene. The tissues tested included both Oct-2-expressing and non-expressing examples. Because Oct-family proteins are expressed in a variety of tissues, it may be possible that hT86 exerts a general modulatory influence on these octamer proteins. In particular, Oct-1 is worthy of attention because it is expressed ubiquitously and belongs to the same subfamily as Oct-2 (51). In this regard, it is noteworthy that the expression rate of hT86 did differ with the tissue examined (Fig. 6) . Further evidence that hT86 is a modulator for octamer proteins including Oct-2 may be expected from additional experiments with tissue culture and gene targeting of hT86.
